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SUMMARY 

Progress in determining the processes fundamental to chemi- 

luminescence is described with particular reference to (l) mecbanism 

studies of oxalyl peroxide, 3-aminophtbalhydrazide, and antbracene 

photoperoxide chemiluminescent reactions; (2) synthesis and exploratory 

studies of potentially nev cbejailualnescent inaterials] and  (3) energy 

transfer studies -n chendluminescent systems. 

The chemiluminescent reaction of oxalyl chloride with 

hydrogen peroxide is more efficient in polar than non-polar solvents, 

and use of rubrene as a fluorescer gives greater over-all efficiency 

than 9>10-diphen5aanthracene. Experiments with pairs of fluorescers 

are discussed. Analyses of gaseous products from oxalyl chloride- 

hydrogen peroxide reaction show carbon monoxide and carbon dioxide as 

main products with some phosgene, but little oxygen fonaed. A new 

example of oxalyl peroxide chemiluminescence is reported. 

Strong chemiluminescence from 3-wni nophthalbydrazlde was 

generated in neutral non-aqueous solvents at an electrolytic cathode 

in the presence of oxygen. Evidence suggests reaction of an o^gen 

dianion produced at the cathode with 3-aminophthalhydrazlde, followed 

by previously studied reactions. 

Collisional energy transfer was observed in the system: 

3-aminophthalhydrazide-base-hydrogen peroxide-nibrene-dlmethylsulfoxide 

as evidenced by a substantial quantum gain derived from the addition of 

rubrene. The system is not suitable, however, for quantitative energy 

transfer studies. 
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Synthesis of a series of anthracene photoperoxides Is described. 

9,10-Dlphenylanthracene photoperoxide gives low level chemilusiüescence, 

with 9^ 1^"^iP^c^l^sthracene as the oa^y observable product. l^U-Dimethoxy- 

9,10-diphei^rlanthracene gives moderate cheBiluminescence and aore complex 

decomposition products. 

Efforts are described to prepare potentially cheml1umi nescent 

acrldlne peroxides based on mechanistic hypotheses. None of the des'^ed 

compounds have yet been obtained. Related studies have provided chemi- 

lusdaescent reaetlons believed to involve electron transfer processes 

vlth ion radicals. Cheadluminescence is obtained in the absence of 

o^rgen. 
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ISTRüJÜCTIÖN 

Emission of light in chemiluminescenGe as la fluoregGence 

results from the traBsition of an electron from an energetic antiboading 

orbital in an excited molecule to a stable bonding or non-bonding orbital 

(generally the former) corresponding to the ground state molecule. 'Rms 

a chemlluminescent process imist acconnnodate the formation of excited 

molecules as a product of chemical reaction. Two requirements for 

chemiluminescence are immediately apparent:  (1) the reaction must 

liberate an amount of chemical energy at least equivalent to the energy 

difference between a product molecule and its excited state {kl  to 72 

KCAL/mole for emission of visible light) and (2) the product either 

must be fluorescent itself or be capable of transferring its excitation 

energy to a fluorescent compound present in the system. Many, if not 

mögt, reactions meeting these requirements do, in fact, generate a low 

level, barely discernible chemiluaineseent emission. Moderately brigjit 

emission, however, is limited to a very few reaction systems. Clearly 

a third requirement exists that an efficient mechanistic pathway mist 

be available for the conversion of chemical energy to electronic exci- 

tation energy. It is also clear that this third requirement is rarely 

met. 

Determination of this crucial mechanism for generating 

excited molecules is the primary goal of chemiluminescence research. 

Once this mechanism is understood., new chemiluminescent systems can be 

designed having the efficiency and other characteristics necessary for 
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pr&ctical lighting. Tvo approaches are being taken to achieve an under- 

staading of the chesnical chemilxasinescence laechanlsm. The first 

approach (Section I) involves direct ssechaaiss studies of several known 

cheailuainescent reactions. The second approach (Section II) involves 

exploratory studies of new, potentially chemlluminescent reactions 

designed to test working hypotheses regarding the chemiluminescence 

aechanis» and to provide structural criteria for chemlluminescent 

c&qpouBds, 

The third section of the report deals chiefly with the 

physical processes associated with chemiluminescence. Quantitative 

spectroscoplc deterBination of quantum yields, spectra, reaction rates 

and related physical properties are descrihet in this section. Ihe 

third section also deals with quantitative energy transfer studies 

designed to clarify toe role of energy transfer in chsmilundnescence and 

to distinguish the source of yield loss in chemiluminescence between 

chemical and physical steps. 

The reports In this series follow a consistent format so that 

the progress of a specific investigation can be followed conveniently 

over periods longer than a single quarter. To avoid excessive repeti- 

tion, the objectives of a particular study are described in detail only 

in the report where the study is begun. Except for the discovery of 

Ion radical chemiluminescence described in Section IIB, this report 

describes work introduced in earlier reports. 
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SECTION I 

REACTION MECHANISIC- IH CHEMIUJMINE5CEi8CE 

A. Oxalyl Peroxide G)iemluminescence 

Oxalyl peroxide chemilUBiinescence is illustrated by the 

reaction of oxalyl chloride with hydrogen peroxide in an organic 

solvent containing a fluorescent compound* 

Cl C C Cl + R203 _asthracene—^ co + C02 + HC1 + C1 g C1 

Ttie  emitted li^it is characteristic of the normal fluores- 

cent emission of the fluorescent compound^. Under certain (anhydrous) 

2 
conditions the over-all chemiluminescence efficiency js as high as 6p. 

The reaction is of substantial interest because of the implied energy 

transfer process whereby chemical energy released by the decomposition 

of peroxidic intermediates appears as singlet excitation energy in the 

fluorescent compound. Moreover, the simplicity of the starting 

materials and products offers opportunity for detailed mechanistic 

investigation in spite of the now evident complexity of the reaction. 

An adequate description of the over-all mechanism requires 

answering fundamental questions dealing with: (l) the chemical mechan- 

ism of the process involving oxalyl chloride which leads to the 

generation of electronic excitation energy, and (2) the mechanism of 

the process by which the energy appears as the singlet excited state of 

the fluorescent acceptor. Our program is currently investigating both 

of these areas. The experimental work bearing on the second question 

is primarily spectroscopic and is discussed in Section III. 
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The  previous report-^ luanarised results up to the end of the 

third quarter. Results bearing on the chemical process obtained during 

e fourth quarter are suaoarlzed below, 

1. Effect of iteactant Ratios on Chemlluainescence Efficiency 

Oxalyl chloride has been found to be a powerful quencher of 

hydrocarbon fluorescence (see Section III), fluorescence quenchltig is 

thus a likely cause of decreasing efficiency with increasing oxalyl 

chloride-hydrogen peroxide ratios. 

2. Free Radical Inhibitor Effects 

The  effects of the free radical inhibitor, i4-iDethyl-2,6-di-t- 

butylphenol, on the oxalyl chloride-hydrogen peroxide reaction have 

been found to vaiy märkedly with solvent and other conditions. Moreover, 

recent qualitative experiments indicate that the induction period pre- 

viously reported^ is difficult to reproduce. A quantitative study of 

inhibitor effects will be undertaken to clarify the relationship of free 

radical chain processes to chemiluodLnescence. 

1' Solvent Effects 

Qualitative observations have been made of the oxalyl chloride- 

hydrogen peroxide reaction in various solvents. The  results are sum- 

aarlzed in Table I, In most of the solvents studied strong intensities 

and brief lifetimes were found. In several non-polar solvents, where 

hydrogen peroxide was poorly soluble, weak epilssion was observed at the 

peroxide-solvent interface. Acetophenone, however, offered a strong 

emission in spite of  its low solvent capacity for hydrogen peroxide. 



Table I 

Solvent Effects on Oxalyl C 
Cbendlusu 

;hloride-^ydrog( sn Peroxide 

Chemiluminesceaee 
Solvent Intensity 

strong 

Duration 

Diethyl ether short 

Di-n-butyl ether strong short 

1,2-Diinethoxyethane strong shnrt 

Tetrahydrofuran strong short 

Diphenyl ether^b) veak long 

Acisole^b) weak - 

Metlxyl isobutyl ketone strong short 

Acetophenone^ ' strong short 

Ethyl acetate strong short 

Dimethyl phthalate strong short 

Triethyl phosjÄiate strong short 

Benzene*1 ' weais - 

(a) One Eol&r oxalyl chloride solutions were added to one molar 
hydrogen peroxide solutions (or mixtures) containing 6 x 10"^ 
molar 9,10-diphenylanthracene. 

(^0 Hydrogen peroxide was substantially insoluble in the solvent. 
Chemiluminescence was observed at the interface. 

I 
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k*    Scope of caieallualaescence from Oxalyl and Related Peroxides 

Five nev cheBlliminescent reactions t)ased on oxaly] peroxide 

cheailuminesceace h&ve  been reported in previous reports2^. To further 

define the essential structural features of the key peroxidic inter- 

aedlate in the cbeiailuminescent reaction, the additional expeiiasents 

sifflÄTlae^ below were carried out. 

Oxalyl Chloride and Tetralin ^rdroperoxlde 

D—0 C C 0—0.. M 

+ Cl Cl 

COg + CO + 

H pOH 

+   LIGHT 

The  reaction of t-butyl hydroperoxide with oxalyl chloride in 

ether containing 9,10-diphenylanthracene (DPA) is not chemiluminescent^ 

iMicating that the decooposition of di-t-butyldiperoxyoxalate, 

Bu 00 C C 00 Bu^ does not produce excited aolecules. We find, however, 

that the corresponding reaction with tetralin hydroperoxide produces a 

Boderately ,troög^brief chemilufflinescent emission. The  reaction is 

soBewhat similar to the previously reported chemilumlnescent reaction of 

t-butylperoxyoxalyl chloride witL isopropyl alcohol-3. In each case 

chraailuainesnence is evidently associated with the actlv tertiary hydro- 

gen alpha to the peroxidic group. This in turn, as indicated previously, 

suggests a free radical chain process involving hydrogen abstraction as 



a critical step. Such a process cannot occur with di-t»butyl- 

dlp^roxyoxalate. 

Diisopropyl Dipero^carbonate Decoargssitign 

itecoa^osition of the peroxycarbonate in dilute ether or 1,2- 

dimethoxyethane solutions containing 9,10-diphenylanthracene generated 

weak chejailumlnescence when warmed. Light was not obtained in the 

presence of methane sulfonic acid. A weak emission was obtained in the 

presence of oxalyl chloride. 

Tne weak emissicn observed in these experiments is evidently 

character!ctic of the chemiluminescen» ■» observed from nost peroxide 

decompositions. The result emphs^ ^es the unique character of the oxalyl 

peroxide structure, 

2« Gas Riase Products from Oxalyl Peroxide Deeoaposltion 

Reactions 

Tbe preceding report described preliminary analyses of the 

gaseous products evolved from a number of oxalyl chloride«hydrogen 

peroxide reactions. Those results rfere described as tentative,pending 

confirmation of tbe mass spectrometric analytical method by vapor phase 

chromatography. The results have now been confirmed with good agreeaent 

being found for tbe two analytical procedures. Aldltlonal experiments 

have also been carried out to extend the range of conditions studied, 

aud several analyses have been performed on related systems. 

Yields of gaseous products are  sumnarized in Table II. 

Reasonable account (generally within + 10^) of the oxalyl chloride car- 

I bon from hydrogen peroxide reactions was obtained as carbon monoxide. 
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Footnotes for Table II 

a Per cent conversion of oxaiate carbon. 

Moles of oxygen as a percentage of acid chloride charged. 

c This  reaction was allowed to age 36 min. following the end of light 
emission before sanpllng the evolved gases. All other experiments 
were sampled within two minutes after chemiluffiinescence had ceased. 

^ One mole per cent based on oxalyl chloride of ü-ffiethyl-2,6- 
ditertlarybutylphenol was present as a radical inhibitor, 

e Relative yields. Absolute yields were not determined. 
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carbon dioxide aad(in dia»thyl phthalate experiiaents)as phosgene. Ratios 

of CO to COg were somewhat variable even within a set of experimental 

conditions, but lower CO:C02 ratios wer** obtained in dimethyl phthalate 

than in ether. Results In ether suggest tentatively ^hat additional CO 

is liberated following the end of chemiluminescence so that a higher 

CO:CDs ratio is obtained when the reaction mixture is allowed to age 

before sanpling. This  effect as well as the relationship of gas evolu- 

tion rate to cheailuminescence intensity will be studied further. The 

free radical inhibitor, U-aethyl-2,6-cLi-t-butylphenol had little effect 

on products except in a 1:2 oxalyl chloride-hydrogen peroxide experiment 

in diaethyl phthalate where the CO:C02 ratio was increased. 

Substantial yields of phosgene were found in dimethyl phthalate 

experiments but not from experiments run in ether. The rapid gas 

evolution in these experiments is evidently able to remove phosgene from 

the liquid phase in spite of its reactivity toward hydrogen peroxide. 

It is likely, however, that a portion of the COg found resulted from a 

phosgene-hydrogen peroxide reaction. Rjosgene reacts with hydrogen 

peroxide to give C02 exclusive of CO as indicated in the table. 

Only insignificant amounts of oxygen were found in the experi- 

ments. Reabsorption by aatooxidation of liberated oxygen would be 

expected in ether under the conditions used, but this is unlikely in 

dimethyl phthalate. It is clear from the 1:1 oxalyl chloride-hydrogen 

peroxide stoichiometry previously reported that one atom of hydrogen 

peroxiae oxygen remains unaccounted for by the gas phase analysis. 
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o 9 
Cl C b Ci + H202     ■» 2HC1 + CO + COo + (0) 

Liquid phase products will be determined. 

The chemiluainescent reaction of tetralin hydroperoxide vrlti.. 

oxaJLyl chloride provided approximately equal amounts of CO and C02 but 

little oxygen. 

t-Butylperoxyoxalic acid decomposes in hexane to provide 

carbon dioxide as the major product with only 6^ of the oxalic carbon 

appearing as carbon monoxide. Tbis smnll yield of CO may derive tram 

oxalyl chloride as an impurity, but its possible relationship to cheai- 

luminescence must be considered. 
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B. Beduetive Electt^chemllumineseence of 3-Affilnophtfaälhydrazlde 

It has been observed tha' electrolytic reduction of air 

saturated, aqueous alkaline solutions of ^-affiinophthalhydrazide gener- 

ates a weak light at the cathode"'. This electrochemiluminescence is 

distinct from anodic emission and has been attributed to the reduction 

of Oa to H02~3 followed by the usual chemilundnescent reaction of H02" 

with 3-Sffiinophthalhydrazide? raonoanlon {LH"). It had also been noticed 

during the course of studies on the electrochemical oxidation of LH" 

in non-aqueous systems that the auxiliary electrode (a cathode) was 

exhibiting rather intense electrochemlluminescence. An investigation 

was begun to dstenaine the reaction sequence responsible for the 

cathodic generation of light in these non-aqueous systems. 

The  system investigated most extensively was dimethylsulfoxide 

(IMJO), 0.1 M in tetrabutylafflDoonium perchlorate. The reduction of 

oxygen in the absence of LH" was examined first. Figure I shows the 

cyclic voltaaaaagraffi of an air saturated solution obtained on a 

platinum micro-electrode. The existence of a reoxidation peak, and the 

quasi-reversible appearance of the peaks indicates that the reduction 

is quite different from the process observed in aqueous solutions. 

Ihe aqueous reduction is described by the following equation: 

0£ + 2e- + H+  fr H02" 

Reductions involving proton transfer, however, are generally very 

irreversible in a solvent such as DMSO, in which the availability of 

protons is very low» This suggests that the oxygen simply picks up 

one electron and exists as the superoxjde anion; 
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Og + e"      k   Os' 

This supposition is substantiated by Figure II which shovs the aamc 

system after the addition of 10'3  M 3-asinophthalhydraziae (LHg). The 

scan was started at -0.^ volts vs. the saturated calomel electrode 

(SCE) and  scanned anodically over the phthaliyrdrazide oxidation peak 

to +1.1 volts, cathodically to -2.1 volts, anodically to +0.4 volts 

and finally back to -0,4 volts. Three conclusions can be drawn from 

-Ulis experiment: l) The oxidation peak at +0,1 V is identical in 

potential and product lifetime to that observed for LB' hut it only 

occurs after the oxygen reduction peak has been scanned. 2) The 

height of the oxygen reduction peak is more than double that observed 

in the absence of LH2, indicating the up-take of more electrons. 

3) The oxygen reoxidation peak has decreased considerably in size 

indicating a reduced lifetime of the product. These observations Indi- 

cate that the following reactions are occurring when oxygen is reduced 

in the  presence of LH^. 

02 + e" f=±   0p~ (I) 

02' +  LH2  -► LH- + HOg (2) 

HO^ + e-(02-t) —-► HO" + (Og)     (3) 

The LH2 apparently supplies protons rapidly enough to convert the oxygen 

reduction process largely to the normal two-electron reduction to 

peroxide observed in aqueous systems, thus increasing the reduction 

peak height, decreasing the Og- oxidation peak height and generating 

LH". 

However, when the same piatinuni electrode was vi jually observed 
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in a darkrooai as the potential was scanned or held at suitable fixed 

values, only barely detectable light was emitted in the potential 

region betveeii the 0Z  reduction peak and background discharge (-^-2 V.). 

l^erefore, equations (l)-(3) do not generate significant concentrations 

of species responsible for light emission. 

Intense electrochemiiumlnescence is observed, however, when 

the electrode potential is shifted to the -2.3 to -2.5 V. region. The 

reason for this was found by examining the polarography of oxygen in 

DMSO on a D*E (dropping mercury electrode) in the absence of any LH^. 

The  over voltage for solvent reduction on rarcury is greater and hence 

the useful range on this electrode extends to -2.7 volts. Figure III 

shows two oxygen reduction waves. The first observed at E, M ■ -0.T3 V. 

vs. the 3CE corresponds to the peak previously observed on platinum. 

•Rie second wave, not seen on platinum, appeared at E , = 2.ko.    The 

urrents corrected for the changes in drop time for wav® 1 and 2 are 

3.2 Ji a Bad 2.1 p  a, respectively. Ibis indicates that two one-electron 

processes are involved, lie reduction of oxygen in non-aqueous solvents 

then appears analogous to the reduction of aromatic hydrocarbons in 

similar systems. Slow protonation of O2* by the solvent (or impurities) 

MQT be responsible for the lack of a 1:1 ratio of diffusion currents for 

wave l;wave 2. The equations may be written: 

Wave 1    02 + e" -■  * 02* (M 

02* +H
+ _li2!L_^H0| (5) 

HOa + e-(02*)~faSJi—^ H02- + (02)     (6) 
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Wave 2    Up* + e"   » 02- (7) 

o2= + sE -£aai-4H02- + s- (8) 

Thus to the extent that O2" is pi*otonated by traces of impurities in the 

solvent, wave 1 will increase at the expense of wave 2. 

Further evidence for the existence of essentially two one- 

electron waves was obtained by analyzing the slope of the rising portion 

25 
of the first wave in the usual manner, A slope of 0.070 was obtained 

and  is considered consistent with a one-electron wave. Also a para- 

magnetic species was detected by means of electron spin resonance 

spectroscopy in a solution in which prolonged oJQrgen reduction had been 

carried out. The spectrum was very similar to that reported  for H02*. 

The intense electrochemilumlnescence observed in the -2.3 to 

-2.5 volt region evidently involves a simple acid-base reaction between 

LH2 asd the bases produced by the second oxygen reduction process, 

resulting in the generation of substantial quantities of L=. L= is 

known to react chemically directly with oxygen, producing light'* ,-^. 

The oxygen Ion radical, 02
A, while able to monoionize lE.Zt  is apparently 

not a strong enough base to form significant quantities of IT, hence the 

rate of the light producing reaction is very low when the potential is 

such that only the first oxygen reduction process is occurring. When 

the potential is sufficiently negative to carry out the second o:xygen 

reduction, the concentration of Lz  is much higher and, consequently, 

the rate of light generation is much greater. The reaction occurring 

during the second oxygen reduction process in the presence of an acid 

(LH2) are presumably1 

Oo + Ue- + LHa -4 2DH" + L= 

Ls + u, —_^ products + h V 
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£. Anthracene Fhotoperoxldes 

As discussed in Technical Report No, 3", thermal decomposi- 

tions of certain 9,10-diphenylanthracene photoperoxides are chemilumi- 

nescent and are reported to proceed cleanly to give the parent anthra- 

cene and oxygen as sole products '  * ^. The  reaction thuö appears 

to provide an opportunity to investigate directly a one-step process 

producing an excited product, A number of photoperoxides are being 

prepared for an initial survey of cheaslluiainescence efficiencies and 

reaction products. 

Ffootoperoxide Synthesis 

Anthracenes I through VI have been or are being prepared for con- 

version to the corresponding photoperoxides. Preparations of I and III 

were described in the previous report^. 

Q6H5N(CH3)2 CH 

OCH. 

Ill 

C6HCN(CR3)2   CH3O      G^H 

n 

The synthesis of anthracene II,  described in the previous 

report,  has been substantially improved by carrying out the sodium 

hydride-dimethyl sulfate methylation of l,a.-dihydroxyanthrBquinone in 



1,2-dteethexyethaae instead of the move  usual solvent, dlioetbylfonnaffiide 

Bie yleia of l?U-disKtho3Qranthraq%änone was 55% in contrast to the 11% 

yield previously obtained. This marked improveaent may be related to 

the known cation solvating power of 1,2-dijnethoxyethane  which could 

increase the reactivity of the alkoxide groups. 

The  over-all yield of anthracene II in the three-step synthesis^ is now 

35%. 

Conpound IV was prepared fro» tetrachloro-anthraqulnone by 

addition of phenyllithiua and subsequent reduction of the diol with 

titanium trichloride. Zinc-acetic acid failed to effect the reduction 

even in the presence of small aasounts of potassiuxs iodide, Methylation of 

l,U-diaffiinoanthraquinone to l,1*-bis(dinKthylamlno)anthraquinone required 

for the preparation of V failed with dimethyl sulfate in triethanolaBine1^ 

or in pyridlne . However, the alkylation was effected in a small 

0  NR2 

(3%) yield with triethyl phosphate. Further steps will involve addition 

of phenyllithium and reduction to Conpound V. 
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A maaber of attempts were made to prepare 1,2,5,0-tetrametBoxy- 

anthraquinone needed for preparation of VI. The complete aetnylatlon 

of 1,2,5,8-tetrahydroxyanthraquiaone failed with potassium hydroxide- 

dimethyl sulfate. Very small yields (2-3%) vere obtained with godium 

hydride-dimethyl sulfate in 1,2-dimethoxyetnane or in dimethylformamide. 

Another attempt will be made under other conditions. 

Three  of the required photoperoxldes have been prepared to 

date. 

jLy *s JL     -* 

VIII IX 

The  photoperoxldes were prepared by irradiating oxygen saturated 

solutions of the anthracenes with ultraviolet light. Ifcese reactions 

are tedious on a preparative scale, since quite dilute {0.%)  anthra- 

cene solutions are  required to avoid concentration quenching sad  in 

some cases dimerization. Moreover, precautions must be taken to avoid 

light and thermal decomposition of the products. Photodecomposition 

can be avoided by using s pyrex filter to remove light below about 

350 mpi. Thermal iecomposition becomes serious on a preparative scale 

for compounds decomposiag below room temperature, since the immersion 

lamp used as the ultraviolet source generates much heat. Adequate 

cooling of the lamp is necessary but is difficult for temperatures rsuch 

ueiow 0*. 



Coapound VII formed readily on irradiation of the parent 

anthracene in carbon disulfide saturated vith oxygen. Ifce carbon dlsul- 

fide vas dried over molecular sieves to reaiove water, a known inhibitor. 

Rapid agitation of the solution was also essential to assure a reasonable 

rate. Because of the strong absorption of carbon disulfide at wave- 

lengths shorter than 375 a^, agitation is required to renew the surface 

film of the solution that is effectively irradiated. 

The oethoxy-substituted anthracenes VTII and  IX were converted 

to unidentified carbonyl containing products on photooxldation in 

carbon disulfide or in chloroform. The desired peroxides could be 

obtained, however, fro© reactions in diethyl ether or in ethyl acetate. 

Ether, however, presents a potential danger due to its tendency for 

peroxide formation, its high volatility, and its low autoignitlon point. 

Ethyl acetate is preferred. 

Decasposltion Studies 

The chemiluminescence^ reported in the literature of peroxides 

VII and VIII has been confinaed. Peroxide VIII emits light above 30* 

in solution, but the chemiluminescence is readily observed only at 

70-80* C. The  quantum yield is estimated to be lower than that of the 

iuminol system by visual observation. Compound VII is also chemiluml- 

nescent at temperatures above 230* C, but is substantially less 

efficient than VIII. 

Decompositions of peroxides VII and VIII were followed in 

tetrachloroethyiene solution by infrared analysis. The reactions were 

carried out in heated, salt cells. An observable decomposition f VII 
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took place at IOC"  C* 9jlü"Dipflenylanthracene was the sole product up 

to 130" C. Peroxide VIII, however, decomposed at 100° C. to products 

exhibiting carbonyl and carboxyl bands. The expected anthracene was 

not detected. Decomposition of peroxide VIII in 2-methoxyethanol at 

60" yielded at least some i^-dinietboxy-9>10-diphenylanthracene> however, 

as indicated by ultraviolet analysis. Although these observations 

indicate that the chemistry of the decompoaition of some pbotopercxldes 

may be complex, a careful study of the decoffipOfdtion will be required 

prior to a final conclusion. 



SECTION I 

EXIEHBGJim 

Reaction of Oxalyl Chloride vith  Tgtralln Hyciroperoxide - 
Mditloa of 5 si* (5 PiilliaDles) of 1 M ox&iyi chloride in benzene to 
25 ml. (10 miiliiaoles; of ö,k  M tetralTn hyüroperoxide1? in benzene 
containiag 5 JSg« of  9,10-diphenylanthracene produced a brief blue chemi» 
iualnescence. When a sljailar reaction in ether containing 5 mg« rubrene 
was asaintained at -78* C» for 10 minutes, then allowed to warm to room 
temperature, a weak long-livid yellow chemiluminescence was obsenred. 
Addition of hydrogen peroxide had no effect on the intensity, while the 
addition of water increased the intensity slightly. 

Dligopropyl Dijperojyearbonate Decomposition - To 25 ml« of 
a 10*3 molkr solution of 9|10-diphenylanthracene in ether was added 
0.2 g. (1.1 x 10-3 mole) of dlisopropyl diperoxycarbonate1". When the 
resulting solution was warmed on the steam bath a very weak light 
emission was observed. In a siaiiar reaction with anhydrous 1,2-dl- 
nethoxyethane as the solvent^ again a very weak chemiluminescence was 
observed on warming. 

Reaction of Dlisopropyl DiperoxyGarbonate with Methane 
Sulfonlc Acid In Glyme - The addition of 0.2 g. (1.1 x 10*3 mole) of 
diigopropyl diperoxycarbonate to 25 ffll- of 0.5 molar methane sulfonic 
acid in giy»? contaluirn? 10"5 moles per liter of 9>10-diphenylanthracene 
failed to produce light at room temperature, 0a heating to 60* the 
reaction stlH produced no light. 

Reaction of Dlisopropyl Diperoxycarbonste with Oxalyl 
Chloride - To 25 ml. of 0.5 M (13.5 milli^les) oxalyl chloride in 
anhydrous 1, a-dimetho^ethane containing 10-3 moles per liter of 9jtl0- 
diphenylanthracene was added 1.8 g, (10 ailllaoles) of dlisopropyl 
diperoxy carbonate. Gas was evolved, but the reaction was dark. On 
warming to 60* a weak blue chemiluminescence was observed. In a 
similar reaction with ether as the solvent, no light was obtained at 
reflux. However, when water was added to the ether solution after 
refluxing, a weak blue chemiluminescence was observed. 

Tertiary Butyl Peroxy Oxalyl Chloride1" - The procedure of 
the last report-1 was followed up to the removal of the solvent at reduced 
pressure. An addition funnel in the apparatus was used to add ko ml. 
of hexane to the distillation flask, and this fresh solvent was removed 
under reduced pressure. The process was repeated several times until 
the distillate no longer gave chemiluminescence when reacted with hydro- 
gen peroxide solution containing 9,10-dlphenylanthracene. The dis- 
tillate also did not chemlluminesce when reacted with water in the 
presence of 9,10-diphenylanthracene indicating that no tertiary butyl 



peroay oxalyl chloride had distilled over, 
was then added to the distfllation flask ar 
weighed to determine a crude yield^ 
obtained. The product was stored at 

U»^. «4, 

A known weight of faexane 
the resulting solution wi 
— 68lt) of material was 

Dehydration of Ether»Hydrogen Peroxide Solutions - A one 
molar solution of hydrogen peroxide la ether was prepared by cautiously 
adding 37.8 g, (l.O mole) of 90% hydrogen peroxide in water to ether and 
dilating to one liter in a volumetric flask. Miquots of this solution 
were then allowed to stand over the dehydrating agents listed below for 
a 2^-hour period. The absorbance of each solution at I6k0  cm-1 was then 
measured and, compared to that of the untreated solution. 

Absorbance MDIP •s/1.  H2O 

O.Ü2 
r-.   i ■'. v. Lt 

0.38 
0.52 

0.?1 
0.06 
0.19 

peroxide decomposed 

I 

Dehydrating; Agent 

none 
anhydrous Mg304 
anhydrous NasS04 
molecular sieve Type 5A 

Gaseous Products from Oxalyl Chloride-Hydrogep Peroxide 
Reactions - The reactions in Table II were carried out in an apparatus 
consisting o*  a 500 ml. round bottom flask equipped with a magnetic 
stirrer and fitted with two evacuated gas saatple bulbs, a 10 ml, drop- 
ping funnel and a three-way stopcock leading to a helium tank, a 
differential manometer, and a vacuum pump. The total volume of the 
system was 620 ml. A solution of hydrogen peroxide in ether or dimethyl 
phthalate containing 10 mg. of 9,10-diphenylanthracene was placed in 
the flask, cooled to -78' C. and the system evacuated. The  system 
was tested for leaks by observing changes in pressure with the manometer 
after isolating the vacuum pump by means of the stopcock. The  cooling 
bath was removed and oxalyl chloride added from the dropping funnel. 
When chemiluminescence had ceased, the pressure of the system was 
observed and a sample of gas taken for analysis by mass spectroscopy. 
The system was then raised to atmospheric pressure with helium and a 
sample of gas taken for analysis by vapor phase chromatography (ypc). 
Mass spectroscopic analysis provided the mole fractions of ether, CO, 
c0a> O2,  phosgene and  nitrogen (to guard against leakage) present and 
thus allowed the calculation of the yields of the various products from 
the observed pressure, temperature and volume of the reaction system. 
Since only the C02 determination was free from possible interference by 
peaks from other components of the system, the reliability of oxygen 
and carbon monoxide analyses was considered uncertain. To double check 
these results, the VPC analysis was used to obtain the ratios of the 
various components to C02. These ratios were compared with the 
unambiguous C02 analysis obtained by mass spe-troscopy to determine the 
reported v?C yields. In ^xperiaents with inhibitor present, the 
inhibitor was added to the peroxide solution at the start, !me  experi- 
ments with reactants other than oxalyl chloride and hydrogen peroxide 
were conducted in a sisdiar nanmer with the acid chloride being added 
from tne aropnins funnel to the oxiiant in vacuo. 



lyh'DimsthoxysmhroxydinQne    - Fifty grass of ljU-dihydroxy- 
anti raquinone (Eastsaxil was extracted with three 1000-ml, portions of 
boiling acetone, and the combined extracts were decolorised with 
activated charcoal. Evaporation of the solvent provided material of 
satisfactory purity. Twenty grams (O.Oß aole) oi the purified anthra- 
ouinone were dissolved in 1,5 liters of hot 1,2-diffiethojQrethane 
/previously dried over molecular sieve (Linde kh)  7, and the solution 
was filtered, dried over element 1 oodimn and decanted. 

Sodium hydride dispersion (10 g. of 50^ disp, in mineral oil, 
Omd mole) was washed three times with anhydrous 1,2-dimethoxyethane, 
centrifuged and decanted, (Caution; dry NaH is Rrrophoric), then added 
in a slurry with dry 1,2-dimethoxyethane to the stirred solution of 
1,^-dihydroxyanthraquinone. 

The dark brown mixture was stirred one hr, at reflux tempera« 
ture in a S-necked flasR equipped with water-cooled condenser, calcium 
chloride drying tube and mechanical starrer. Freshly distilled dimethyl 
sulfate was added slowly to the stirred mixture. The reaction mixture 
was refJ axed 2 tars., then 6.3 g. {0.05 mole) of dimethyl sulfate was 
added, ihe reaction mixture was refluxed for one additional hr., and 
diluted with 3 volumes of water. 

The  quenched reaction mixture was saturated with sodium 
chloride, stirred for 1 hr., and filtered. Ihe pieclpitate was 
collected on a filter, washed with water, dried on the filter under 
rubber dam, and digested in 2 liters of hot benzene. The benzene 
solution was treated with activated charcoal, filtered, evaporated to 
l/3 its volume, then allowed to stand at 5* to obtain the crystalline 
product. The yellow needles were collected on a filter, washed with 
petroleum ether, and dried on the filter under rubber dam to obtain 
10,2 g. of product. The benzene filtrate was diluted with 5 volumes 
of heptane to obtain an additional 2,1 g. of product. Total yield of 
product, (a.p. 170-171*), was 55.2^, 

l,H>518^Tetrachloro-9.1Q-'ili^enyl-9,10«dlhydroxy-9.1Q-ditay^Q- 
anthracene - 1,4,5,ö-TetrachloroaDthraqulnone (25 g., 0.07 mole)  was 
added slowly to a stirred solution of 175 ml. of 2.k  M phenyllithlum in 
ether-benzene (Lithium Corp. of America) and 200 ml, tetrahydrofuran. 
The solution was stirred for 15 nun. and allowed to stand for 2 hrs- 
Dilute acetic acid (200 ml., 10%) was added slowly to the stirred 
reaction mixture. The  organic phase was separated, and the aqueous 
phase extracted with two 250 ml. portions of ether. The combined 
organic phase was washed with two 250 ml, portions of water, dried 
with MgS04, and evaporated to  yness to obtain 15 g. (^2^) of red oil 
as product. 
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tetracbloro-9,10-aiphenyl-9,10-dihylroxy-9A^"^üiyd.rOan^iraCt 

0.002 mole) was dissolved in 400 rü . anhy iro^i methanol. Titacius 
trichloride (10 g.) was added to the solution, end the reaction mixture 
was refluxed 10 hrs., filtered while hot, and the filtrate wan cooled 
in an ice bath for 1 nr. The yellow-orange precipitate which separated 
was collected, chromatographei on neutral alumina in bensene, and 
recovered from the eiuent by evaporation to obtain 0,2 g. (22%) of 
noa-crystalline yellow product, whose infrared spectrum is in agreement 
with that expected for the desirea product. Further identification will 
be carried out after the preparation of the compound on a larger scale. 

1.14-(Dlethylamino)anthraquinoae - A mixture of 2.^ g. (O.i 
)le) of 1,4-diaminoanthraquinone and 25 ial. of triethyl phosrtßate wat mole; of 1,4-diaminoactüraqulnone and 2b ml. of trietüyl phosphate was 

refluxed h hrs. Then 75 ml. of 20^ sodium hydroxide was added and the 
reaction mixture refluxed an additional hour. 

The reaction mixture was diluted with 250 ml. of water, then 
extracted with two 500 ni« portions of benzene. The combined benzene 
solutions were washed with +hree 250 ml. portions of water^ dried over 
magnesium sulfate^ then evaporated to dryness. 1516 semi-solid residue 
was taken up in benzene and chromatographea on a neutral alumina column 
prepared in hexane. The eiuent was collected ana evaporated to dryness 
to obtain 0.1 g. (I3l0 of bro^n product, whose infrared spectrum is In 
agreement with that expected for the desired product. Further 
characterization is planned when a larger sample is available. 

Purification of Anthracenes - After repeated recrystaliiza- 
tion from methanol, the samples described in the previous reporti were 
driei under vacuum at 80° and were submitted for elementary analysis. 

9jIQ-Di phenylanthracene 

Calcd. for C^-H^: C, 9k,51;  H, 5-^9* 

Found:  C, yk.oö;  H, 5.49. 

!E.p« ^ow-.,^ , Liz*  ni.p. 2pu-?i 

1> U-Dliaetao^yantriracene 

pfti^H. for ~. rV.\j\^*     *    An A^.'   TT - op- A I ^ L^ 



l-Methüjcy-9> lO-dipsgpylaBthracene 

Calcd.  for C0fE^f)i    Ct  09.97;  H,   5-60;  0^  ^.44. 

Found:    Cf  89.69;  H,   5-76; 0,  h-tCl. 

m.p.  179-1W*,  Lit. aup. 176-177°'''' 

1^ u,Djjaethoxy-9i lö-diphenylanthracene 

Ceded,  for C„üfio^09t    0,  86.12-,  H,   5.68;  0,  8.19. 

Foimd:    C, 85.88; R,  6.01; 0, 7.89. 

m.p. 199-200% Lit. m,p. e02-2C3*23 

gjIQ-Dlphenylanthracene Riotoperoxlde - A three-neck flask 
(1000 ml.) was provided vith a capillary oxygen inlet tube, and with a 
dry ice condenser protected by a drying tube. A solution of 7.79 g. of 
9,10-diphenylanthracene (Aldrich Chemical Co.) in 800 ml. of carbon« 
iisulfide (Baker Analyzed Reagent, dried over molecular sieves, Linde 
kk)  was added to the flask and was agitated vigorously with a magnetic 
stirrer. The solution was irradiated with a 1^0 Watt Hanovia "utility" 
mercury lamp through a pyrex filter for 32 hours. At that time a 
saisple of the solution evaporated to diyness showed no fluorescence 
when it was redissolved in benzene. 

The  mixture was evaporated to dryness and was twice re- 
crystalllsed from carbon disulflde to obtain 7«^ g- (87^) of peroxide, 
m.p. 18^* dec. (melting point depends on rate of heating). 

Anal. Galcd. for CggH^Og: C, 86.l8; H, 5.00; 0, 8.83; 
mol, wt., 362.14. 

Found: C, 86.19; H, 5-16; 0, 84U; 
mol. wt., 390 (vapor pressure thermister method in chloroforsi24), 

l-?fethoay»9,IQ-dlphenylanthracene Photoperoxide - A solution 
of 0.5 g. of l-methoxy-9,10-diphenylanthracene (Aldrich Cheai. Co.) in 
l800 ml. of ethyl acetate was placed in a photoreactor, which consisted 
of a cylindrical pyrex vessel (diameter: 100 tm;  length:  300 mm) 
equipped with three tapered glass Joints (60/50, 19/38, 2k/kQ)  to 
accoimodfitej, respectively, a Hanovia lasBersion well (19^33, Vycor) 
containing r 450 Watt mercury lamp (67QA-36) with pyrex filter, a 
capillary for oxygen addition and a dry ice condenser protected by a 
mercury bubbler valve to exclude air and moisture. An ice bath was 
used to cool the solution and ice water was circulated via a pump 
in the jacket of the inmiersloc well. The solution was vigorously 
agitated by a large magnetic stirrer. 



I The IrradiatiOD was carrlec' out in tiaree 15-min. intervals 
interriipted by IS-min. cooling periods. At this point ultravinlet 
analysis showed essentially no unreacted anthracene present. 

The reaction mixture was evaporated to dryness under vacuum 
and the residue was recrystallized tram ether to obtain 0.25 6* i^6%) 
of photoperoxide, m.p, 173° dec. Infrared and ultraviolet -pectra 
were in agreement with the assigned structure. 

Analysis is pending. 

1 j 4-Diiaethoxy-9J IQ-diphenyl&nthracene Riotoperoxide - A 

solution of l,4-dimethoxy-9/l-'"diPtienylanti"iracene iß b50 ffi1' of anhydrous 
ether (Mallinckrodt Chem, Works) was placed In a photoreactor. The 
reactor was a small version (length: 250 am, diaaeter* 80 mm) of the 
one described above for the preparation of l-methoxy-9,l0-diphenyl- 
anthraeene photoperoxide. Cooling was provided by a dry  ice-cuLcohol 
bath.   The immersion well of the lamp wns cooled by passing nitrogen 
gas through the jacket. (Ether as solvent creates a potentially 
hazardous condition by its tendency for peroxide formation and due to 
the possible overheating of th^ lamp coupled with the low auto- 
igoition temperature of ether. Ethyl acetate will be used for future 
experiments.) 

The irradiation lasted for two 15-inin. intervals interrupted 
by a 15-min. cooling period. Ultraviolet analysis showed no sigrifi- 
cant amount of unreacted anthracene. 

The product (0.15 g«, 70^) was recrystallized from ether. 
Infrared and ultraviolet spectra agreed with the assigned structure. 

Chemilumlpescence of Pfaotoperoxiaes 

Household Wax (Esso) was melted in a ceramic casserole and 
heated to the desired temperature with an electric immersion heater. 
This molten paraffin wax was vigorously agitated via a magnetic stirrer. 
The experiment was carried out in a dark room. After the lights were 
turned off, a small sample (--0.01 g.) of the photoperoxide was added 
to the hot paraffin bath. The chemiluminescence was observed visually* 

9JIQ-diphenylanthraeene photooxlde; Short lived (l-2 seconds), weak 
intensity, blue light observable only over 230°. 

l^-dimethoxy-QilQ-dipher^lanthracene; Blue light readily observe^ at 
o0-70 with a life time of 0.5-1 minute. The light is much more intense 
and has a shorter duration (4-5 seconds) at 120*» 



DecGinposltion Study of ^IO-Dl|henyIanthracene Photcperoxlae VII 
A Perkin-Eiaer 521 infrared spectrophotomcter was us^d for tSe study, 
Sodiuai chloride solution cells provided vith electric beater and thermo- 
couple vere earployed for the measuremeiit. A solution (-—20^) of VII in 
tetrachloroethylene (Eaataan Spectre Grade) vas placed into the cell and 
vas heated in RO* steps accoin^«led with periodic scanning. The 
deconiposition of the phctoperoxide was aoaitored at the vave numbers: 
1^55, ojl and 633 cs"l, Ihe appearance of anthracene was followed at 
the wave auabers: 1301, 660, and 607 ca-1. Detection of other coarpounds 
was feasiole at regions where the solvent tetrachloroethylene did not 
absorb (^000-1360, 1330-1200, 1100-1000, 725-600 cm'1). ' 

No deccfflgjosition of the photoperoxlde occurred below 100*. 
Above this teoperature sole product of the decomposition was 9^10- 
liphenylanthrscene. Neither interased 1 ates nor by-products were 
detected. 

Decoappositlon Study of l,^-DlJBetho3cy-9<10-di|phenylaothre.ceLe 
Fbotoperoxlde VIII - A study of the decomposition was carried out """ 
using an infrared technique identical to that described above for VII. 

The  decoegx -itlon of VIII in tetrachloroethylene up to 100* 
resulted in products shoving carbonyl and carboxyl absorption bands 
at I6O3, 1667, and 1735 carl. Bands corresponding to the expected 
anthracene vere not observed under these conditions. 

Because jbotoperoxide VUI is ins'of fie lent ly soluble in non- 
polar solvents (e.g. i-octane)^ 2-inethoxyethanol was chosen as solvent 
for the study of the decomposition by ultraviolet analysis. Ttoe solu- 
tion was saiatained at 60* In a constant teLpe.dture bath. Samples 
were withdrawn periodically and analyzed by Cary Ik  spectrometer. The 
pbotoperoxlde was monitored at X260-320 ap and the anthracene was 
followed at TX 360-^20 apu. Bands corresponding to the anthracene 
appeared gradually during the decomposition. However, the final decom- 
position product contained less than 50£ of the theoretical anthracene 

yield. 
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k.    Helatiosshlp of Peroxides to Chesdl'iirsiaescence 

While cbemllumj nesce^ce is observed during oxidations of a 

variety of appafently unrelated organic coispoimds, with few exceptione 

appreciable chemilualnescence is observed only from oxidations by- 

oxygen or hydrogen peroxide. This almost general o.^ygen requireffient 

h 10 
has been interpreted by others *        in  terms of OJQfgen pr* j>ted 

triplet-singlet intersystea crossing. However, the relatively high 

efficiencies of the S-acdnophthalhydrazide2*6»10 and ox&lyl chloride 

chesilumlnescent   systems are not conslsteat vith a process Involving 

triplet Intermediates. In a triplet process the ganfiipraj efficiency 

would necessarily be that observed in slow fluorescence and be less 

-26 
than about 10"-5 , Moreover, we have desonstrated (Section IIB) that 

oxygen is not essential to oxidative organic cheadluaiinescence. 

The action of ojQrgen or hydrogen peroxide in cheiriluisines- 

cence is better explained In terms of the formation of essential 

peroxidic intermediates . Thus vhile a variety of oxidizing agents 

will oxidize j-amlnophthalhydraslde, only ojQrgen or hydrogen peroxide 

would accommodate the formation of a hyaroperoxide intermediate. 

Moreover, several unambiguous hyaroperoxide decompositions are, in 

fact, chemilumirescent. Prominent exaispies include the tetralla hydro- 

peroxide-porphyrin reaction"-f, the oxalyl chloride-hydrogen peroxide 

systein (Section JA)f  sad the anthracene photoperoxide decoB^xssition 

reaction (Section II), 
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Tne generality of the relatiOEship between peroxide decoisposi- 

tion and  cheffilliaainescence is being examnea by the desigt! and symiiesiB 

of nev compounds. The  potential chemilumineseent ccaBjx>und5 described 

below have been selected to ineet three criteria: (l) Formation of 

fluorescent decooposition products; (2) Ease of preparation (although 

synthesis in this area is inherently difficult); (3) Structural 

variation to provide a correlation between structure and chemilufld-nes- 

cence efficiency. 

1, Peroxides Based on the Acridlae System 

Th'a acridines represent a particularly attractive compound 

group upon which to base the design of new chemiluminescent materials. 

Many members of the class have the high fluorescence efficiency required 

for an efficient emitting species in cheailumlnescence. Moreover, 

several reactive acrldlne derivatives can be readily prepared to serve 

as versatile starting oaterlals for synthesis. Some approaches and 

attempts to synthesize potentially chemiluainesGent compounds based on 

1    3 
acrldlne chemistry were described in Technical Report Jfos. 1 ana 3 . 

In Technical Report No. 3 we reported progress toward the 

synthesis of acridine peroxides III and IV by the following route: 



- o. (wOicJoWtt + -l-c ■llvi. 
M u 

NHC.'H. o 5 
4^ (11) H+ 

30H 

(1) M^SO. 
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SOClg 
^gg > 

III 

OOH 

ü=C-OOH 

+ Eo0o 2 <; 
OH 

-► f 

IV 

l 

9-Carboxyacridine, I, had been satisfactorily prepared, and 

we indicated ^entaLively that its methvlation had provided 9-carboxy- 

lO-methylacridinum chloride, II. Closer examination of the methylation 

product, however, has demonstrated that the product obtainea was 

actually the isomeric 9-carbomethoxyacridine hydrochloride. Me4hylation 

of I under more vigorous conditions is expected to provide 9- 

carbomethoxy-iO-mpt.hyiacridinum chloride, and acid hydrolysis of the 

ester is expectea to provide the desired acü II. 
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Efforts to prepare the aso peroiiides VJ.  and VIII by autooxlda- 

3    — 3 
tioas of aziaes V and VII   have been unsuccessful. 

VII 

+ 0^ 

+ €L 

Att^pted reactioas of V or VII with oxygen In the presence of cobalt 

aapfatbeaate under ultraviolet irradiation in chloroform for extended 

reaction periods resulted oaly in unchanged starting aaterlt^s. An 

additional atteipt will be aade under »ore vigorous conditions. 

Preparation of the hydnalae bis acridan, IX, wanted as a 

possible precursor for peroxide X, has been achieved in moderate yields 

by «action of 10-aethylacrldlaiai chloride with hydrazine under mild 

conditions under an inert ataosphere. 
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Hydrazlne IX vas fo>uM to be highly sensitive towaM oxygeta and was 

contaminated with its oxidation products even when moderate precautions 

were taken to exclnde oxygen during its preparation and isolation. 

Autooxidatlon of IX is coaplex^ and it is now uneertaia that 

X can be prepared by this route. Mdition of oxygen to a solution of 

IX in aethylene chloride at -60* has been Indicated by n.m.r. analysis 

to proceed by the following coursej 
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XII XIII 

Commsäa  IX aod XII eÄibit distinct pairs of absorption peaks 

la ttelr a.m.r. spectra for the S-aethyl groups and 9,9» protons. Another 

diitlnct pair of slailar peaks (aU pairs show the anticipated 3il ratio 

m iBt«^»tl€s) In the spectrus of crude m correlate well wi-tti the 

predicted cheaieal Älfts of n (a Buamxy of'f-scale chealcal shifts 

for these derivatives in chlorofo-B-d is given in Table I).  iMs latter 

pair of peaks increases during oxidation at -60* C. with concurrent 

dladautioo of those due to IDE. At roon teajjerature, however, peaks due 

to m also Increase, suggesting therssl loss of nitrogen froB XI. 

Co^Ofuad 301 was also the only isolaile product when IX was oxidized by 

■ercuric oxide In chlÄTOform at rooo temperature. Tbe t«nafoiTÄtlon of 

XII to ^11 was d««istrated l»iep©Btently by infrared analysis of a 

chlorofons solution of mi  on exposure to air. A aore detailed n.a.r. 

stuay of the  low teaperature oxidation of IX is planned in order to 

eonfli» the transfosaatlens outlined above a^ to deteroine wheeler the 

«o e«pouai XI cm be oxidized to X, 
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Table I 

-jjinkiiig Group 

?-CH. 

7.03 6.08 

IX 
6.62 5.50 

XI 

-CH. 

6.51* 4.^3 

I 
I 
I 
I 

1 
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2.    faro^ycM'boayllc Acid ghemllmBinesoence 

ItechanisB stMies in progress (see Sectioc I of this and 

preceding reports), while iocofflplete,  sviggest that peroaqracida XTV and XV 

will provide cheailujainescence on decoa^osition. 

CgHc QOH 

C6H| COOH o 3    M XV 
XIV 

Carboaation of the dianion prefaced by the action of sodlus aetsl on 

9,10-d.iiibenylanthraeene afforded the di sodium dicartooacylate (XH). 

Treaiaaent of this dlcarboxylate with oxalyl chloride resulted in a 

CiH^ COO'    M+ 

6 5 

vigorous reaction.    The product, however, was not XVII but the bridged 

aohydride, XVIII.    Evidently  as the acid chloride is formed in the 9- 

posltiOQ, ia^diate cyclisation occurs by displacement yia the carbojqrlate 

aaion in the 10-pogition.    'Äe anhydride is easpected to be useful for 

the synthesis of XV. 
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B.  iuij^ Radical Ciienilluminescence 

During the fourth quarter two new classes of chemiluminescent 

reactions were discovered involving oxidations and reductions of certain 

aromatic hydrocarbon derivatives. In the first, cheailuminescence was 

ound to accompany certain oxidations of anion radicals to corresponding 

fluorescent hydrocarbons or neterocycles. de second new process nay 

Involve the reduction of a catlor radical to a fluorescent coffipound. 

(1) A: + OXIDANT 

+ 
(2) A- + REDUCTAM1 

A + LIGHT 

■♦ A + LIGHT 

Anion radical chemiluminescence is illustrated by the oxidation 

of sodium 9,10-diphenylanthracenide by chlorine in tetrahydrofuran. 

Na" 1/201, + NaCl + LIGHT 

The reaction Is essentially instantaneous, generating a bright blue 

flash. The color of the emission is typical of 9,10-diphenylanthracene 

fluorescence. During the reaction the solution loses the dark opacity 

characteristic of the radical ion and becomes transparent. The  blue 

fluorescence of 9,10-dlphenylanthracene is clearly evident. 

Results obtained by oxidising sodium 9, l0-diPheöyliui1:hracenide 

with other oxidants are suaraarized in Table II. Chemi luminescence was 

observed in oxidations of chlorine and bromine but not iodine. Similarly 

chemiluminescence was generated by bensoyl peroxide but not oxygen. 

I 
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fable II 

Effect of Various Oxld^ts on Sodium 
9,10-Dljbe^lanihraeeaide in Tetrahydrofxiras 

aeBiluKlnescence 
Oxldaat Intensity Color 

Chlorlm strong blue 

Br^dae strong blue 

Iodine none * 

t- ButyU^pochlor ite »edixm blue 

Oxalyl chloride airedium • 

Oxygen none - 

lesssyl p«rori.de strong blue 

J^drogsn perojdde none md 

Potassium Superoxide none — 

Beaill none - 

Beazophe^ae none - 

liltBf S-TetracyaBOqulooaedliBethaac none MB 

Dipbei^ldlsulfide none - 

Potassi\ai i^rsulfate weak - 

Potassium permanganate none — 

Potagsiiai ferrlcyMiidc none _ 
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ülace each of these five oxldants convert the ion radical to the anthra- 

cene, Iodine and oicygen evidently release insuffIciest energy to produce 

on  excited intermediate. Other explanations are possible, however, and 

are being Investigated. 

Tertiarybutyl hypochlorite produced a medium intensity chemi- 

lyffilnescence as did oxalyl chloride. ^ie latter reaction presumably 

occurs as indicated in the equation below. 

Q 0 
i'    +    Cl-C-C-Cl 2Na+ A" + Cl-C-C-Cl  ■+  2NaCl + 2C0 

Similarity is evident between this reaction and the ehemiluminescent 

reaction between oxalyl chloride and hydrogen peroxide In the presence 

of 9jl0-diphenylaiithracene (Section IA), and a possible mechanistic 

correspondence is being investigated. 

Other organic electron acceptors such, as benzoquinose and 7,7,8,8- 

tetracyanoquinonedimethane failed to produce chemiluMnescence. While 

the latter is a strong oxidant, it may quench anthracene fluorescence. 

Oxldants containing active hydrogen such as hydrogen peroxid^ were 

ineffective, as expected, Ihe reaction mechanli.» with such materials 

follows an entirely different course20. Inorganic oxldants Insoluble in 

tetrahydrofuran were also ineffective with the exception of potassium 

persulfate, which produced a weak emission. Oxidation at an electrolytic 

anode was also observed to produce luminescence. 

Results obtained from oxidizing a series of anion radicals 

are susmarized in Table III. The required anion radical was generally 

prepared by reaction of sodium naphthalenide with the corresponding 

aromatic hydrocarbon or heterocycle }  but in some oases the anion 
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Table III 

Anion Badlcal CheoHualaescence 

Subs crate 

AathriKeae 

tothraeeae 

l,fe-Diffletiioxy- 
aathraeeiie 

aathraceat 

9^10-Dlifeeayl- 
antbrrsese 

9/lCNOliibej^rl- 
a&thrftceae 

9,10-Dlias««yl- 
aoxhraeear 

l-liithc;^-9,10- 
dl^ie^-lacthracene 

1, li-Diaetho3gr-9,10- 
dipheayLsathracene 

1, ^-Warttooigr-9* 10- 
di|iieiy3 aatttracene 

Ä&rene 

Rubreae 

^reae 

l^reae 

Coroneac 

Decacycitfie 

2,3-Beazofliior- 
aatnene 

Reducing 
Ageat   Solveat Oxiäazt       lateaglty Color 

Sa HÄF     TW   Cla      Veiy weak Blue 

1% SfILB  OTF  Bz. perox. lone 

Ha HAP     THF   Cl2      W*ak     Blue 

Ba 

Ha 

lb RAP 

Ha HAP 

Ha HA? 

TSF       Cls Streng   Blue 

ISF       Bz. peroat* Strang   Blue 

WF       Bz. pei«x. Strong   Blue 

Ba^ STUB  HP  Bz# perox. Strong   Blue 

THF   Bz. perox* Medlim   Blue 

TOP  Bz. perox. Msdlia 
strong 

Bag STUB       TSF       Bz. perox.    Hone 

Ba BAP CTP 

Bag STILB TSF 

Ha NAP TBF 

Sfta OTILB 
!^r 

Na HAP TW 

Ha HAP 3F 

»a BAP 'an* 

Green 

Bz. perox. StK»ig Yellow 

Bz. perox. Stroog Yellow 

Bz» perox. Vesk. Blue 

Bz. perox. Hone 

Bz. perox. Medliai Bl"e 

Bz. pewjx. Very weak Green 

Bz. perox* Mediia Blue 
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T^ble III (Continued) 

I 

Reducing 
Substrate Ä^cat Solvent Oxidant Intensity Color 

Wna^itealene oxide Ha HAP OT" Bz. perox. Mediusi Blue 

1,3-Mpbenyl- Na NAP IW Very weak Blue 
Isobensofuran 

1,7- Rienan tbrolene Ka NAP TSF Ba. perox. Very weak - 

1, lO-Rienaathroleiie Ha NAP •m Bz. ^rox. Very weak - 

Benaodir'aen- Ha HAP TSF Bz. perox. Mediuia Blue 
anthrtdine 

N-"«tbyl- Ha HAP THF Bs. perox» Medlisn Blue 
V^enothiazlne 

Trans-stilbene Na !1W Cla None - 

Trans-stilbene Ha NAP !1,HP Clg None - 

Traös-stllbeae Sag smB TBF Bz, perox. Hone — 

negative chsalltaiiiescence results were obtained by beazoyl 
peroxide oxidations of mixtures of sodlta saphtbaleoide with 
acridine, diffiefcbyldibensisoquinollae, pentaphei^lphos^bole, 
autbrÄjulöone, l^^-dlnethojqfantiiraiuiasne, 7-H-ben2(d,e)~ 
antbracen^T-one, asd disodiuat fluorescein. 

I 
1 
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radical was prepared fro® reaction with disodiiaa stllbcne diaoioa or by 

28 
direct reaction with sodiya , 

Sa1 

6H5 ÜöP5 

fV 
xiJ 

6B5 C^5 

. Ba1 

Äe tblllty of sodiiai iM^bthaleslde to transfer an electron to higher 

polycycllc aroaatic ^lirocarboos has been weH doctaented In the 

liteimtijre2^. However, the foraatios of mam of the heterocycllc anion 

radicals tgr this reaction Is less secure and will require additional 

proof# 

AH of the fltiorescent polycyclic «xaatic Jg^iroearl^ aalon 

i«dlcals studied generated chesiliffllnescence oa oxldatltm. Seem of the 

fliajreseeat heterocycles were effective, «Alle others were not, as 

indicated fn foible III, Side reactions aay be iaportant where ne^tlve 

insults were ohtalsedj this will be studied further, CSieailuainescence 

was äst obtained by oxidation of the stabene anion radical or disodlum 

stllbese, Ivldeötly me  reaction falls to produce a singlet excited 

state of traos-stllbeoe. Oxidation of severmJ. Ion radicals derived frort 

fluorescent ketonec also failed to produce light. 
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Cation radical cheailtaiöcscenee aay be Involved in the 

reaction of 9,lO-dichloro-9,10-dl^enyl-9,lO-dilQrdroanthracene with 

sodium naphthalenide. 

Cl 0^5 

r 

.yC#5 

+^5 

Cl     + ijr: + NaCI 

Cl 
v 

I  I Na 

+ SaCl ■«  LIGHT 

[ 

i 

The over-all reaction is essentially Instantaneous and, provides a bri^t 

blue flash of light.    Blue fluorescence apparently corresponding to 

9,10-diphenylanthracene is evident in the reaction product.    The validity 

of the hypothetical cation radical Intemediate will require further 

evidence.    Cfeemlltaaiaescence is also observed vhen 9,10-dichlorr-9,10- 

dipiienyl-9,10-dihydrowithracene is reduced with sodium «aetal, dlsodiuas 
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stllbene dlani«!, sodl«B stilbene asion radical, or sodlua 9#10-dlpi»ayl- 

aatbnwanlde.    Tue latter re^tlrai aay be a cmbin&tim of aslos radical 

and catloa radical cbeBdluaio#sceöc#,   Atta^t«d reacti^s of the 

chloroaat&racene with %im't tm^esiim, alvmiMim, litblm dicyclohexyl- 

fhospblde, sodl\a ^^rlde aod sodli» bor^^drid« were mt chmilvmims- 

cent, altbou^i vitte the aetal hydrides cheasieal reaction was obserred 

to occur.    Bekctioa witt litbita alualmaa hydride to the presence of 

oayges pKäiföed m weak yellow chfflil Ixmi nesceaee eatirely dlfferest fr^ 

9,10-diphe^l«ntibrace£« fluorescence*    In contrast to lie cheailuBine&ceot 

reactions described aborc, eElsslon vma not observed in the absence of 

ojQTgen» 

Tbeae deaons trat ions of bri#t (althoui^ brief) ch^limLnescence 

tasder o^gen-free coKLiticms iMicate that oxygen does sot play an 

essential and general role tn the Äadluainescent process,    Sie require- 

aest of oxygen (or hydrogen peroxide) in other liquid phase cheadluBi- 

nescent reactions sucö as J-aainoiiitbalhydrazide or oxalyl chloride 

oxidations seeas best e^laiaed in teras of essential ^dropero3d.de 

Interarilfttes \Alch easml be generated by other oxldaats»    {See Section 

Äe ch^adstiy of anion swiicals «id, to a lesser extent, cation 

radicals has been described in some detail in the literature-' ,    Ion 

radical cheailuainescence, however, has not been reported,to war knowledge. 

The reactions reported here* appear to involve electron transfer processes. 

It is passible that electron transfer s^r be directly involved in soae of 

the known solution chemiluMnescent reactions,    Lyninescence apparently 
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related to electron transfer has been observed previously in both the gas 

and solid phases^ as illustrated by the reactions of chlorine with sodium 

*1 
vapor"" and by cation-electron recosbinatlon follo»rtng irradiation of 

certain solid glasses and crystals^. The present work seems to be the 

first authentic exaaple of electron transfer luminescence in solution. 

Additional work will be carried out to define the scope, 

conditions, and mechanisBi of solution Ion radical chemlliBidnescene and 

related processes. 
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SCTION 11 

EÖERBENTAL 

Mithyl g-ifccrldine Cmrhö^l&te    -    The product previously 
reported in Techüiwal Report Bo. 3^ to be Q-carto^-iO-nethylaeridlnluffi 
chloride was shown to be »ethyl 9-mr%älne carbo^late hydrochlorlde by 
treataent of a suspensloo of the aaterlal (150 sg.) in 30 isl. of i«ter 
vlth 5 aü,* of saturated aqueous sodiim bicarbonate.    Tae yellow color 
was ifl»edlately discharged and the white precipitate was extracted with 
aetl^leEe chloride.    TJse extract was evaporated and dried with sodiua 
sulfate to affort alffiost pure off-^iite cry^t^Ls of aethyl-^Äcrldine 
carbos^iate, is.p. 12?.5-128,5# (Ut33   128-130*). 

Anali Calcd. for Cj^cHj^KJg: C, 75.9J H, ^.67* H, 5.9. 

Found: C, 75.5} H, ^.50; H, 6.2. 

Att^pted Mr Oxidation of lO-ifet^laeridfla-9-öge ^^-^ ^    ' 
A solution of 1 g. of VJ in 500 al, of chlorofora was treated with 1 al. 
of a c<^®erclal 6^ solution of cobalt naphthenate (Huodex). OsQrgen was 
p«.sed throu^ ihe  solution via a capillary for fourteen hours, an aliquot 
was withdrMm aM evaporated. The  recovered red  solid eaMbited an 
infrared spectrus identical to that of ?. ffie solution was then 
iiTadiated with a Hasovia la^ for eight hours while 03^gen was bubbled 
tlircu^i the solution, but again no change was observed in toe infrared 
gpectrua of recovered solid material. 

Preparation of ^f'-WrazobisClO-agthylaerldan) (IX) - To 
a solution of 20 al, of hydrazine hydrate in 200 al. of water in a 
2-1, Erlenseyer flask e^iipped with a aagnetic stirrer and flushed with 
nitrogen, a freshly prepared solution of 10 g. of S-aethylacridinitaa 
chloride in 300 al. of water was added. A white solid laoediately 
precipitated, and the mixture was stirred for 1 hour, übe white solid 
dissolved on addition of 500 al. of chlorofom. The organic layer was 
separated, extracted with 500 al. of water, separated, dried over 
MtpiesltaB sulfate and filtered to obtain a clear pale yellow chlorofom 
solution of product (a nitrogen streaa was ^Intalned throu^i all flasks 
and funnels during these operations). 1&e chlorofom was evaporated to 
Ca, 50 al. at the aspirator using a nitrogen capillary bleed. Scam 
solid had separated from the cold dark brown solution but red!ssolved 
on brief varffiLng, Ifee flask was swirled as 200 ml. of sethanol was 
added, Alaost iaraediately after toe addition rapid crystallization 
occurred and the Mxture was stored overnight in an icebox. Bbe product 
was filtered and dried in vacuo to afford 6.05 g* (66.5^) of off-white 
crystals, fhe a#p, was indeterminate; slow decomposition occurred 
between 170-250*, The n.a.r. spectrum indicated the presence of 
impurities corresponding to oxidation products of IX, (See Table L) 
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Anali Calcd. for C^HggS^i C, Qo.3l  H, 6,22;  S, 13,'k. 

Found: C, 80.*j H, 6.09; M,  12.Q. 

Oxidation of g^'-JBydraaobisClO^aetfaylaerldan} (DC) with 
Mercuric Oxide ' In a 100-aü-, flask^bearing a diying tube and nitrogen 
inlet, 2 g. of hMrazo co^xnmd (ix) was dissolved in 50 nl. of chloro- 
form and IS g* of oercuric oxide was added. The mixture was surrousded 
by an Ice bath and magnetically stirred under nitrogen for three hours. 
Sodium sulfate (ca» 5 g.) was added together with 25 ml. of chloroform, 
the aixt'ore stirred a further two hours and then filtered, dhloroform 
was evaporated in a nitrogen stream at the aspirator until the volume 
wms ca. 25 ml, Ifee addition of 50 ml. of aethanol produced crystaliisa* 
tion. Ihe solid was collected and dried la yacuo to afford 1 g, of 
material, m.p,-^S^O-SöO* dec. (Lit.3^ ca. 2Ö0' dec), which was shown 
by Infrared ««d n.m.r. spectra to be %§'-Msilö'mthyl8£TläBn), 

Oxidation of ^tS'-BydrazoMsClO-aetliyl&eridaa) (IX) at -.60*- 
A boiling txj^e containing 1 g. of the crude hydrazo coapound (IX) 41 s- 
solved in 50 ml» of aethylene chloride was iasersed in a dry ice bath. 
Mr was bubbled througfa the solution, «hich was maintained below »60*, 
for five hours via a caplHary. S<a>e crystaillgatloa occurred, but on 
varaing to room temperature, a clear solution was obtained contaminated 
with a small upper layer of water. Hie solution was dried briefly over 
magnesium sulfate, filtered and the filtrate evaporated at the aspirator 
using a nitrogen capillary bleed. The brown solid thus obtained was 
analyzed by n.m.r. and though the major conrponent was that assigned the 
azo structure (Xl), the presence of the starting hydrazo coaspound (IX), 
the bis(acridas) (XIl) and the acridoae (XIII) was noted. Ihe aprroxi- 
mte molar ratio of these compounds appeared to be; XI:DuXIIsXIII - 
5i3i3il. 

I^eparation of 9tlQ»JDihydro-9,lQ^iphenylanthraeene-9,lQ» 
dlcarboaylic Anhydride - A solution of 3.3 g* of 9,10-dlphenyl- 
anttiracene (Aldrlch C5iem* Co.) in 100 ml. of tetrahydrofuran was 
treated with aj^srox, 1 g« of freshly cut sodium pieces. The mixture was 
stirred magnetically for 72 hours in a nitrogen atmosphere in a 
stoppered flask, Bie solution became violet-black, Ihe flask was 
opened under nitrogen pressure and carbon dioxide gas was rapidly swept 
over the surface of the solution. The mixture became pink. Ihe mixture 
was diluted with excess water and a solid crystal].!zed. Fractional 
crystallization from acetic acid afforded only mixtures. The various 
factions were then combined and dissolved in 150 ml. of ethanol. The 
addition of approx. kO ml, of 2S aqueous sodixmi hydroxide caused rapid 
crystallization of a product, mTp, 272-^*, (1.25 g.) which was shown by 
infrared analysis to be the dlsodiim salt of the dicarbo^llc acid. The 
aalt was treated with 5 ml. of oxalyl chloride. A vigorous reaction 
occurred, and an orange, semi-solid mixture was obtained. After briefly 
heating on a steam bath, excess oxalyl chloride was removed at an 
aspirator and the residue dissolved in 50 ml, benzene. Evaporation to ca. 
30 ml* and addition of hot heptane caused a solid to crystallize, which 
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was collected and dried to afford 300 gtg, of aatarial, a.p. 237* dee. 
Infrared analysis Indicated that the product vas the bridged aahydrlde of 
9,10-dlhydro-9,10-dipheaylanthracei3e dlcarto^lic acid. 

Anali    Calcd. for Cg.^jjO,!    C, 83.51 H, ^.50. 

FoundJ    C, 83,25; H, 4,62- 

28 Sodi\a Saphthalenide   - A nitrogen filled fiVJ-al. rwrnd 
bottoa flask was charged vifh 1,26 g. (0,1 aole) aa^ithalene in 100 ml, 
of freshly distilled aDhydrous tetrö^rof^r«! aod 2.3 g* (0.1 g. at.) 
of sodlta aetal was added. The  system was allowed to stir under aitrogen 
for three hotirs. A greca color ajpeared aloost instantly «ad was very 
intense at the conclusion of the preparation. 

9,10-Di|ihenylaataracene Radical Aaion - A 125-aL. flask was 
carefully swept with nitrogen and then charged with 3.3 g. (0.01 aole) 
9,10-dipbenylanthrsceiie in 50 ml. of aa^drous tetrahydrofuran, Sodlua 
aetal (0,23 S»» 0.01 g, at) was added to the flask aod the aixturt was 
stirred under aitrogen for 1^ hours. A deep purple solution was obtained 
indicating that the radical asJ.on had foroed. 

In several experiments the anthracene radical Ion was produced 
at a oercury or platimm electrode maintained at -2 to -2.2 volts TS, 
the saturated caloael electrode in a 2 ffiillisolar solutiwa of 9,10- 
dijäieaylfiöthracene in 2-^Üio^ethaae containing 0.1 aolar tetrabutyl- 
aanoalua perchlerate. 

Radical Asions from Sodiva Haphthaleaide^ - A solution of 
0.33 g. (1 Billlaole) of 9,10-dipiienylasthraceBe «ni dissolved la 10 »1. 
of anhydrous tetrahydrofuraa ami placed in a nitrogen filled 50-B1. 
Irleoaeyer flask. Without disttürbing the nitrogen atmosphere of the 
flask, 1,0 ml. of 1 M sodiim naphthalenide in tetrabydrofaran was added 
to the anthracene sorution. An intense purple color developed laaadl- 
ately Indicating the fonaation of the aal^raeenide. 

The saae technique was used to form radical anions fit» trans- 
stilbene radical ion. See Table III for a list of the asions prepared. 

ChesdluBiaescence from Reaction of Sodium 9«10-Diphenyl- 
aothracenide with Chloriae » A solution of 3»5 g« tö#l aole) of sodium 
9,10-diphenylaathracenide in 50 sü,, of ani^drous tetrahydrofuimn con- 
tained in a glass-stoppered 125 ml* Erlenmeyer flask uMer nitrtjgen was 
briefly exposed to chlorine gas at the liquid surface, A brief, bright 
chsdlujaioescence was observed and the color of the purple anthracenide 
was discharged. Other reactions of radical aaions with chlorine were 
conducted in a similar manner and are recorded in Table III, 
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Chemiluaiaescence front ReactJOB of Sodium Q^IQ-Dlphenyl- 
ftnthraceolde vit-h Bensoyl feroxide - To a solution of sodium y,10- 
diphenylaiithracenide prepared by Gombialng 0,33 i» \1 mlilinolej or 
9,10-dipbenylanthracene In 10 ml. of anhydrous tetrshydrofuran with 1 ml, 
(1 milllfflole) of 1 M soaiim naphtiialenlde In tetrwiydrofur«i under 
nitrogen, was rapider added 0.24 g. (l mllll^le) of bensoyl peroxide. 
A brief bright blue cheffilluffilnesceoce was observed and the purple color 
of the anthrscenide ianeaiately changed to yellow. Other reactions of 
benzoyl peroxide and radical anions. recorded in Table III, were carried 
out by a similar procedure. 

Effect of Various Qxidaats on Sodium 9,10-Mphenylanthracenlde 
in Aanydrous Tetrahydrofuran - For the experiiaents sii^mrized in 
Table II a lO-ml. aliquot of sodiua 9>10-diphenylanthracenlde solution, 
which had been prepared by adding 16 si. (l6 ffillllsoles) of 1 M sodium 
naphthalenlde in anhydrous tetrahydrofuran to 5,28 g, (16 nilliiaDles) 
of"9,10-diphenylantliracene in ikk ml. of anhydrous tetrahydrofuran, 
was placed in a nitrogen filled flask. One millijaole of the oxldaot was 
then added to the solution la the dark and the intenfity of the cheml- 
luainesceace observed. Even in cases where so light was observed, the 
addition of oxidant destroyed the anthracenlde as was evident from the 
discharge of the strong deep purple color of the anthracenlde. 

In experlaents with anodic oxidation, 2-ssötho;xyethane solutions, 
I0"3 to ID"2 ffloiar is s(>ii\ffli or aanoniuffi 9,10-di^ienyl^ithracenlde smd 0.1 
molar in aamonium perchlorate, were electrolysed using mercury or platinum 
electrodes. Luainesceace was observed at the anode in these experiments 
with ate anode voltage of about -1.5 volts vs. the saturated calosjel 
electrode and a current of 0.5 aa» 

Chemllumiaeseence of Radical Anions - In the experinasnts 
stoffiarlzed in Table III, one mllllas>le of test coaipotjnd was dissolved in 
10 si. of anhydrous tetrahydrofuran io a nitrogen filled 50-BLL. flask 
^d 1 ml. of 1 M sodlus napäüialenlde in anhydrous tetrahydrofuran was 
added to the solution. A color change indicated the fonaatlon of the 
radical anlon. Chlorine gas was then passed over the surface of the 
sol'tion in the dark and the color and intensity of the emitted light 
was observed. Alternatively, 0.1 g. of solid benzoyl peroxide was added 
under nitrogen to the radical anlon solution instead of chlorine gas. 
A change of color was an indication that a reaction had taken place. 

Reductloa of 9f10.DlchlorQ.9t10-dii^enyl-9,10«dihydroanthracene 
with Sodium Napbthalenide - A dark green solution of sodium^naphtha- 
lenide (5 ml.) prepared from 6*k  g. of naphthalene (0,05 Jaole) and 
excess sodium metal in 100 ml. of tetrahydrofuran was added under nitrogen 
dropwise to a solution of 1 g. of 9,10-diehloro-9,l0-dlphenyl-9,10- 
dihydroanthracene (2.5 mnole) in 100 ml. of tetrahydrofuran, A bright 
blue light emlasion occurred with the addition of each drop of aaphthalenide 
solution. The final reaction mixture exhibited the fluorescence typical 
of 9,10-dlphenylänthracene, 
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Reaction of Sodium vlth ^IQ-Dlchloro-^lO-dlphenyl-g^lO- 
dlhydroanthracene - Addition of 0.25 g* of freshly cut sodluai metal 
(O.ll g. atom) to a solution of 1 g. of pf10-dJchloro-9,10-dlphenyl-9>lü- 
dihyüroanthracene (2.5 laBole) in 100 ml. of tetrahydrofuran produced a 
veak blue light emission from the surface of the sodium. 

Reactions of 9,10-dichloro-9,10-diphenyl-9.10-dihydroanthracene 
vlth sodium stilbene ion radical, stilbene dlanlon and sodium 9/10-diphenyl- 
rathracenide were carried out by essentially the same procedure. 

Reaction of 9,lQ-Diphenyl-9.10-dichloroanthracene vith Lithium 
Dlcyclohexyl Phosphide - Addition of 10 ml. [k " Tdlliaoles) of 0.4 M 
lithlias dlcyclohexyl phosphlde35 in ether to 0.^0 g. (1.0 mlHimole) oT 
9,10-dipheoyl-9,10-dichloroanthracene in 10 ml. of ether under nitrogen 
produced no light. Shaking the reaction mixture in the presence of 
oxygen vas also non-luminescent. The reaction of lithium dicyclohe^l 
phosphide vith oxygen is a knovn chemiluminescent reaction-^- , Therefore, 
the result obtained indicates that a non-chemilumlnescent reaction did 
occur between the phosphide and the chloroanthrac ane. 

I 
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SECTION III 

SI^CTROSCQFY AND EjgSBGY TRANSFER 

A. Recallbration of Spectroi-adlometer-Fluorimeter 

Certain components of the raaiometrlc equipnent used for 

quantitative, absolute light measurements are subject to aging effects, 

ana the instrument must be recalibrated periodically. The recalioration 

has been carried out as described in the Experimental Section. The  new 

calibration factors agree to within 10^ of the old, but the output 

intensity of the excitation source was found to have decreased about 

15%. The new calibration curve is shown in Figure I. 

As a test of the new calibration, the fluorescence quantim 

yield of quinine sulfate in 0.1 N sulfuric acid was measured and 

compared to an earlier measurement anda literature value. The  data is 

stamsarized in Table I. The fluorescence yield as newly measured agrees 

well with our previous measurement and is 8$ higher than the 

literature"0 value. 

Table I 

Fluorescence Yield of 10"^ Molar Quinine Sulphate in 0.1 N HgSO^ 

36 
Date of      Set of Literature Value 

Experiment   Factors Used   Quantum Yield   for Quantum Yield 

1-15-6^        Old 0.60 

5_lU-6^       New 0,60 
0.55 
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B. Qxalyl Chloride-Hydrogen Peroxide Cheallum-lnescence 

Fluorescence Quenching Effects in  the uxalyl Chloride-Hydrogen 
Feroxlde-9,10-Dlpheaylanthracene Reac11 on    ""  '    ""^ 

In the previous report3 we shoved that the excited state 

corresponding to the fluorescent additive in the above reaction vas the 

emitting species. Since the over-ail chemlluminescence yield is In 

part dependent on the fluorescence efficiency of the emitting species. 

It is important to know whether constituents of the reaction mixture 

are fluorescence quenchers. In the previous report we showed that the 

products from the reaction were not quenchers. 

Experiments to determine the quenching effects of the starting 

materials, ox&lyl chloride and hydrogen peroxide, are suBsaarized in 

Table II. It is see*i uhat oxalyl chloride is, in fact, a powerful 

quencher of 9,lO-d-ipbeaylanthracene fluorescence. At an oxalyl chloride 

concentration of 6 x 10"^ molar the fluorescence efficiency drops to 

2ty of its unquenched value. It was also observed during the experiment 

that the exciting light used for the fluorescence measurements rapidly 

photolyzed oxalyl chloride. The photolysis products were not quenchers 

and after a brief exc5tation period the fluorescence efficiency returned 

to the unquenched value. Hydrogen peroxide had only a small fluorescence 

quenching effect. 



Intensity of the 1+30 mi 
Emission Band 

Initial At 5 Min. At 10 Min. 

T^.O 74.0 7^.0 

18.0 7^.0 74.0 

18.O 52,0 68.0 

70.0 70.0 70.0 

      f\   <tr\    ..    1 r..k   _,_ 

Table II 

lr^ Quenching of the Fluorescence of 
QjlQ-DipüenylanLhracene in Ethereal Solutions5 

Additive (Concentration) 

None 

'- ilyl chloride (6.0 x ID-3 M)b 

Oxalyl chloride (6.0 x I0~3 M)C 

H^Os (0.1 M)b 

a) 9^10-Diphenylanthracene concentration was 0.70 x 10"' molar 
b) Exposed continuously to exciting lightl 
c) Masked from exciting light^- between measurements 

Quantum yield of the Oxalyl Chloride-Hydrogen Peroxide Systera 
with Bubrene as the Acctptor 

The quantum yield of a reaction of oxalyl chloride with 

hydrogen peroxide in ether containing rubrene and the quantum yield of 

the corresponding reaction with 9^10-d.ipbenylanthracene are summarized 

in Table III. It ia seen that rubrene is substantially more efficient 

than 9jiO-diphenylaDthracene in accepting excitation energy. Neither 

rabrene nor 9?l
<>iiiP^eny3-an't*iracene were consumed unaer the conditions 

used. The over-all chemiluminescence reaction rate is not influenced 

by the acceptor as indicated in Table III and Figures II and III. 
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Table III 

Quantum Yields of Oxalyl Chloride-Hydrogen Peroxide Reactions in 
Ether vith Rubrene and with 9J lQ-Si^eDylaDthracenea 

Fluorescence  Chemiliimlnescence Pseudo First Order 
Acceptor   Quantum Yield   Quantum Yield     Rate Constant 

Rubrene 0.08 1.6 x 10~3 3.3 x 10'2 sec"1 

9ii
0-DiPhenyi- 

anthracene 
0.75 0.22 x 10'3 3.2 x 10"2 sec'1 

a) The concentrations were: oxalyl chloride = 4.12 x 10"3 M; 
hydrogen peroxide : 1.10 x 10"2 M; acceptor - f,lk  x 10*^ M. 

Distribution of Chemiluminescence between Tvo Acceptors 

As discussed in the previous report-5, criteria for efficient 

transfer to aii acceptor in the oxalyl chloride-h> irogen peroxide system 

can be determined by experiments employing tvo acceptor species, where 

the ratio of transfer rate constants to the acceptors, ka/kp, can be 

obtained graphically from equation (l) . 

i^    Q-Y'a - W"A_7   PR 
Q'Y-b    kb/"B_7   ^ 

To draw reliable conclusions regarding the chemical or 

physical characteristics of acceptors that determine transfer efficiencies, 

it Is necessary to study a number of acceptor pairs. Chemlluainescence 

and fluorescence yield data for the pyrene-9,10-dlphenylanthracene pair 

were reported in the previous report-'. Corresponding results for a 

pyrene-anthraccne system were determined during the current quarter. 
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Chemiluminescence quantuii yields, (Q.Y.x1!, as functions of 

acceptor concentrations f^-J,  for  acceptor pair experimenij with pyrene 

and anthraceae are siaaaaarized in Table IV. Fluorescence yield data 

(Fx in equation 1) for this system are suaEnarlzed in Table V. Additional 

experiments are in progress and a detailed analysis will be presented 

in a forthcoming report. 

Table IV 

Chersiiuminescence Quantum Yields for Oxalyl Chloride- 
Hydrogen Peroxide Reactions with Pyrengj Anthracene, 

and Pyrene-Anthracene Mixtures in Etherft 

Concentrations 
(Moles per Liter) 

lyre ne Anthracene 

2.32 x 10"2 

J+.25 x 10 2 

Gyrene 
Observed 

0.73 x 10"3 

0.67 x 10'-* 

Chemllumiaescence Yields 

Observed Correctedc 

O.93 x 10'^ 

2.3^ x 10'3 

1.57 x 10"2 

0.83 x LQ-k 0.87 x ixrh 

oM x 10-3 0.55 x 10-3 

0.^5 x 10-3  0.55 x IQ'3 

U.25 x 10"2 0.93 x 10-1* -0.83 x 10-3 -0.02 x 10-3 ^o.02 x 10"3 

U.25 x 10'2 2.3^ x IG"3 0.8Q x ID"3 0.10 x lO"3 0.12 x 10-3 

2.32 x 10'2 1.57 x lO-2 O.kk  x 10"3  0.31 x 10-3  0,33 x 1o-3 

Total 
Corrected 

O.73 x 10-3 

O.87 x lO'3 

O.87 x 10'1* 

O.S^ x 10-3 

0.55 x 10-3 

O.85 x 10*3 

0.92 x 10-3 

O.82 x 10-3 

a) Ethereal oxalyl chloride was injected into ethereal hydrogen 
peroxide to obtain final concentrations of 0.93 x lO"2 molar 
and 1,70 x lO"^- molar, respectively. 

b) Einsteins per mole of oxalyl chloride. 

c) Corrected for  '  absorption. 
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Fluorescence Quantum Yields for 
Aathracene and foreae in Ethertf 

Concentration K-uor escence 
CoapouM (Itoles/Uter) QuaBtm Held 

Observed Öorrectedü 

I^Tene 2.32 x ID"2 0.16 0.16 

Pyrene ^.25 x 10*2 0.1»! 0.1^ 

Anthracene 0.93 x 10"^ 0.26 0.26 

Aathraceae 2.3^ x ID"3 0.22 1,23 

Anthracene 1.5T x lO"2 0.13 O.lif 

a) 'Rje solutions contained I.70 x 10**^ BDlar 
hydrogen peroxide. 

b) Fluorescence yields corrected for self- 
absorption. See Ixperiae&tal. 
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C. aier^ Transfer in 3-Aminopbthalhydra2ide Choalluminescence 

In the previous report-^ we described chemllufflin^scence quantum 

gain produced by the addition of disodium fluoresceln to the aqueous 3- 

amino^ithalhydrazide-potassium persulfate-hydrogen peroxide-sodium 

carbonate chemiluminescent reaction. It vas also pointed out, however, 

that self-absorption and self-quenching of fluoresceln at the high concen- 

trations required, seriously complicated interpretation of the results. 

In a search for a more suitable system for anplysis of non-radiuiive 

energy transfer, ve have carried out a 3-amlnophthalhydrazide-hydrogen 

peroxide reaction in a dimethylsulfoxide-benzene mixture containing 

rubrene. The results are sumaarissed in Table VI- 

Täble VI 

Effect of Rubrene on 3'^ninophthalhydrazide Chemiluminescence 

3-Aminophthalhydrazide      Rubrene 
(moles per liter)     (moles per liter)   Chemiluminescence Yield 

1 x 10'2 None 2.8 x 10-3 

1 x lO'2 2 x 10"2 k,k x  lO-3 a 

a) Total emission derived from rubrene. Not corrected for 
self-absorption. 

As Indicated in the table, the chemiluminescence yield is 

substantially increased by the presence of rubrene. Unfortunately, a 

portion of the rubrene was observed to precipitate during the course 

of the reaction, thus obscuring the quantitative aspect of the 

experiment. The result, however, clearly indicates the occurrence of 
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non-radiative energy transfer. Efforts are contlruing to find a system 

suitable for qiu&ntltetive study. 
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i SECTION III 

EXPERIME?n,AL 

Recallbn '.Ion of the Spectroradlometer-Fluorlaeter - Tlie cnli- 
brÄtion of the ^jotuniaLtipller tube was carried out as described 
previously^2 using a 50C' watt N.B.S. standard lamp and a ferrioxalate 
actinoaeter iol"tioa3T, T^e factor to convert the energy entering the 
monochroraatorto total energy emitted by the sample was obtained using a 
translucent 12 volt spherical light bulb closely approximating the 
disjensions of the radiometrlc cuvette. The bulb was first lamersed in a 
ferrioxalate actinometer solution (10 nm. depth all around it) and the 
ferrous ions per minute produced by the totally absorbed ligin. were 
deteradned. The  bulb was then placed in the position of the sample 
^"see Figure 1, p. 3^, Technical Report No. 1 7 and & 10 mm. deep 
actinometer solution placed behind the entrance slit to the monochromator 
The ferrous ions produced per minute were determined. These two figures 
gave the required nsphericalH factor. The  loss in the instruwent 
nonochromator was determined using external monochromatic light from a 
"Farrand" monochromator and measuring the light behind the entrance and 
exit slits of the spectrofluorimeter. A barrier layer cell and a micro- 
voltmeter were used for this measurement. 

The new calibration factors for conversion of observed 
intensities to absolute microwatts and quanta/sec agree to within lO^t of 
the previously detenninad factors. 

The B.L.B. U.V. lamps used as "exciting lights" during 
fluorescence measurements were found to have aged and their total out- 
put had dropped by approximately 15-20^. 

The new calibration factors (Figure 1) have been introduced 
into the computer programs and will be used for all quantum yield 
detenainations until further recallbration is required. 

I 
I 

I 
I 

Fluorescence Quantum Yield Measurements - The experimental 
procedures and calculations were those previously described2. In some 
cases it was desirable to correct quantum yields for self-absorption. 
This correction was made using the following formula; 

Q.Y. corrected » (Q.y. observed) 
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lohX   i8  ^^ observed intensity from the sample to be corrected 
at a wavelength, >,, chosen well above the absorption band so 
that tt Is not appreciably reabsorbed, andrx2 job dX 

y^i 
is the correspooii ng Integrated spectral area. I'X   and. 

J. x,  I*dX ^^  the corresponding values for a dilute solution of the 

sample where self-absorption at short wavelengths is not appreciable. 
These corrections are snail (see Table V) for front-surface fluoriaetry. 
Such corrections are valid only when the fluorescence yie3.d of the 
sasple is relatively low. In other cases an additional correction must 
be made to take into account the emission produced by reatosorption. 
This secondrry correction was not needed for the results reported tn 
this report. 

Chemtlumipescence Quantum Yields for Reactions of Oxalyl 
Chloride with hydrogen Peroxide in the Presence of Rubrene and 9^10* 
Diphenylaathracene - The experiments sunwariggd in Table III were 
carried out essentially as described previously^. Kinetic plots of log 
intensity (observed) vs. time are shown in Figures II and III, Ifee 
emission of the U30 anband was used to follow the decay rate in the 
9,10-dlphenyianthracene experiment; the 550 a^i band was used for 
rubrene. 

ChemilumlaeL.cence Yields of the Qxalyl Chloride-Fydrogen 
Peroxide Reaction In Ethereal Solution with firrene and Anthracene""as 
Mixed Acceptors - The experimentai procedure and method for calcula- 
tion of results for the experiments suamarized in Table III were those 
described in the previous report. The emission intensities at kOO vp. 
and 500 qu, respectively, were used to calculate separate anthracene 
and pj-rene yields. Yields, corrected for self-absorption, were obtained 
from the  following equations 

Q.2f. corrected Z Q.Y. observed 

Ob f 2 
1^ is the observe time-integrated intensity at kOO vp.  and J5  Id-X 

is the integrated spectral area. I*-^ and  I -.  I^^l are tne 

corresponding valuer obtained in i l<aoresceLcc expc-i x^önts is aixute 
solution. This equatica hap the effect of replacing a spectral area 
which is errc:*öOusiy small because of reabsorpticn at short wavelength. 

I 



with a theorFtically valid and  constant spectral area. This  correction 
can be substantial in chemiluxainracence experiments (see Table III) 
because emission from a significant depth of solution occurs and short 
wave length emission is sübjcnt to serious reabsorption, Pyrene dlmer 
emission is not reabsorbed and no correction is needed in thi-. case. 

Spectral distributions for the experiments in Table III are 
shown in Figures IV, V, and VI. A typical rate curve is shown in 
Figure VII. 

Energy Transfer in S'Aminophthalhydrazlde Ghemiluminescence - 

Stock Solutions 

A. 3-AndnophthaLhydraziae in dimethyl sulfoxide - 2,5 x 10"^ M 
B. Rubrene in benzene - 2.0 x 10"2 M 
C. Triton B in methanol - kOfi 
D. Hydrogen Peroxide in tertiary butanol - 2 M 

Solution D (0.50 ml.) was added to a 25-ml. flask containing 
4.0 ml, of solution A, 5.0 ml. of solution B and 0.50 ml. of solution C. 
The timer was started with the last addition. After mixing, 3 ol» of 
this solution was transferred to the cuvette cell^- and the decay rate 
of the 585 mu band followed (Figure VIII). A wavelength distribution 
was also taken (Figure IX). The decay curve became first order after 
6 minutes and the emission for this period was calculated using Simpson's 
rule of integration. 

The  calculation of quantum yield of chemiluminescnce has 
been described previously3, 

The experiment was repeated with pure benzene replacing 
solution B, The  results are ? marized in Table III 
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FIGURE II 

RATE OF OXALYL CHLORIDE {4.12 X 10"3 M) HYDROGEN PL^OXIDE (1.10 X 1Q~2 M) 

9,10-DlPHENYLAHTHRACENE (7.14 X lO"4 M) REACTION IN ETHER 

60 80 

TIME (SEC.) 



FIGURE ill 

RATE OF OXALYL CHLORIDE (4.12 X 10~3 M)—HYDROGEN PEROXIDE (1.10 X 10"2 M)—RUBRENE 

(7.14 X 10'4 M)—9,10-DIPHENYLANTHRACENE (7.14 X 10~4 M) REACTION IN ETHER 
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FiCURE !V 

-2 
SPICTRAL DISTRIBUTION AT ONI MINUTE FROM START OF OXALYL CHLORIDE (0.93 X 10    M) 

HYDROGEN PEROXIDE (1.70 XIO"1 M) ACCEPTOR EXPERIMENTS IN ETHER 
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F«GÜRE V 

SPiCTRAL DISTRIBUTION AT OHi MIHUTI FROM START OF OXALYL CHLORIDE (0.93 X 10"2M) 

HYDROGEN PEROXIDE (1.70 X 10"2 M) ACCEPTOR EXPERIMENTS IN ETHER 
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FIGURE VI 

.-2 

0.4 
HYDROGiN PEROXIDE (1.70 X 10"' M) ACCEPTOR EXPERIMENTS IN ETHER 
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FiGURE Vü 

RATE OF OXALYL CHLORIDE (0.93 X 10     M)—HTDROGEN PEROXIDE 

(1.70 X IO"1 M) REACTION IH ETHER CONTAINING 4.25 X 10~   M PYRENE 
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